1 In this work water-soluble blocked alkyl-or aryl-diisocyanate and glycopolymers based on konjac glucomannan and the blocked diisocyanate were synthesized and characterized. Their phenol sorption ability has been studied. Adsorption experiments were carried out to evaluate the effects of structure of isocyanate, polysaccharide hydroxyl group substitution degree, solution pH, contact time, on the phenol removal efficiency. Langmuir and Freundlich models were applied to describe the adsorption isotherms of phenol, and adsorption parameters were evaluated. The determined values of adsorption capacities vary from 12.8 to 25.0 mg/g depending on diisocyanate structure and polysaccharide group substitution degree. It was shown that neutral and weakly alkali mediums are favourable for phenol adsorption by the new glycopolymers.
Introduction
Phenolic compounds are present in wastewaters arising from a variety of industries (including olive mills, oil refineries, plastics, and leather, and paint, pharmaceutical and steel industries). As it is known, these compounds are toxic, even at low concentrations. Therefore a previous treatment of the water is required to discharge the effluents to the environment. In appropriate circumstances, the phenolic compounds contained in wastewaters can be economically recovered. The two best methods to treat these wastes are their destruction by chemical oxidation techniques or by adsorption [1] [2] [3] [4] [5] [6] [7] [8] . It should be noted that adsorption is more preferable due to its potential to remove both organic and inorganic constituents, even at low concentrations.
Numerous approaches have been studied for the development and investigation of cheap and effective adsorbents based on natural polymers. Also, it is well known that polysaccharides have a good capacity to associate via chemical and physical interaction with a wide variety of molecules. Such polysaccharides as chitin, chitosan, starch, cellulose deserve attention as effective adsorbents due to their particular structure, physicochemical characteristics, chemical stability, and high reactivity [9] . Moreover, the presence of chemical active groups, such as hydroxyl, acetamide, amino functions, leads to high selectivity of polysaccharides towards aromatic compounds. Thus adsorption on polysaccharides and their derivatives, including cross-linked polysaccharides, can be used in wastewater treatment for extraction and separation of organic compounds such as phenol.
In this paper, new adsorbents, glycopolymers (GP) based on plant polysaccharide konjac glucomannan crosslinked with water-soluble blocked alkyl-or aryldiisocyanate were synthesized and used for phenol adsorption from water solutions. The influence of isocyanate structure, hydroxyl group substitution degree, phenol concentration and pH on GP adsorption capacity was investigated.
Experimental

Materials and Reagents
Hexamethylene-1,6-disocyanate (Sigma Aldrich), T b = 355-358 K/0.13 kPa and tolylene diisocyanate (Sigma Aldrich) 80/20 mixture of 2,4-and 2,6-isomer, T b = 388-393 K/13 kPa, were distilled under vacuum.
Polysaccharide konjac glucomannan produced from Аmorphophallus konjak root (Chengdu Root Industry Co., Ltd. Sichuan, China) 120-200 mesh; ε-Caprolactam (CL) and sodium hydroxide were used without prior purification.
Synthesis of Water-Soluble Blocked Isocyanates
The water-soluble blocked diisocyanates (BIC): tolylene diisocyanate (TDI) and hexamethylene-1,6-diisocyanate (HDI) blocked by a sodium salt of aminohexanoic acid (TDI-ACA and HMDI-ACA, respectively) were synthesized to cross-link the konjac glucomannan.
These water-soluble blocked diisocyanates were obtained in two stages. At the first stage sodium salt of aminocaproic acid (ACA) was synthesized by CL hydrolysis. At the second stage the blocking reaction of diisocyanate (TDI or HMDI) by sodium salt of aminohexanoic acid (ACA) was carried out at 291 K for 2 h in ACA aqueous solution.
The reaction products can release reactive NCOgroup under heating [10] .
The structure of obtained products was identified by FTIR and 1 H NMR spectroscopy. FTIR spectra were recorded using TENSOR 37 spectrometer (Bruker) in the frequency region from 400 to 4000 cm -1 . 1 H NMR spectra were recorded using Varian GEMINI 2000 spectrometer with a proton resonance frequency of 400 MHz at 293 К in a deuterium water.
Preparation of Glycopolymers
Weighed KGM and BIC were dissolved in water separately. Then dissolved in water KGM was mixed with a solution of BIC at room temperature to form hydrogel. Due to water solubility of the reagents mixing of KGM with TDI-ACA or HMDI-ACA in the common solvent allows obtaining their most homogeneous mixture. Then it allows obtaining the glycopolymers in the form of a film. The polysaccharide cross-linking reaction was carried out at 160°C for 30 min. To avoid reaction of released isocyanate groups with water, the reaction mixture was dried at the temperature of 373 K, and then the temperature was raised to 433 K [10] . Samples were obtained in the form of thin porous film.
Pyrolysis mass-spectrometry method was used to confirm the interaction of KGM with BIC.
The mass-spectra were recorded on MS-instrument that consists of liner pyrolysis cell (temperature range from 298 to 673 K) and mass-spectrometer МХ-1321 allowing determination of the components of gas mixture in the mass number range of 1-4000.
Phenol Adsorption on Glycopolymers
Phenol adsorption from the aqueous solution by glycopolymer samples was carried out at room temperature (293±2 K) at different pH in static conditions during 7 days with initial defined concentration С 0 (from 0.6 to 50 mg/l). The adsorption process was controlled by the electron spectroscopy in UV region analyzing the characteristic phenol band intensity at 260 nm. Alteration of phenol concentration in solution during the adsorption process was determined according to the calibration plot.
Glycopolymers adsorption capacity (A) to phenol was calculated using the following equation:
where C 0 and C -the initial and final concentrations of phenol, respectively, mg/l; V -the solution volume, l; mthe weight of the glycopolymer film used, g.
Results and Discussion
Water-Soluble Blocked Isocyanates
The interaction of ACA with diisocyanate leads to the formation of blocked diisocyanate (see scheme) with the output of 95 %. The obtained blocked diisocyanates are yellow coloured powder with T diss = 423-428 K.
FTIR and 1 H NMR spectra of the BIC are presented in Figs.1 and 2 , respectively.
According to FTIR data absorption at 3315, 1640 and 1565 cm -1 corresponds to the stretching vibrations of NH, carbonyl (C=O), and bending vibrations of NH, respectively. Absorption band at 2274 cm -1 is not observed indicating that the -NCO groups of diisocyanates are completely blocked by ACA. H NMR spectrum of TDI-ACA has a singlet in the region of 3.10 ppm that corresponds to protons 15, 23 in -СH 2 -NH-. Chemical shift of 7.09 ppm relates to protons in the aromatic ring (3, 5, 6) . The singlet of 2.13 ppm refers to protons in the methyl group (27) and in -СН 2 -СООR (7, 19, 27) . The proton signals in -СН 2 -group of ACA (16, 17, 18, 24, 25, 26) are present in regions of 1.28 and 1.50 ppm. 1 H NMR spectrum of HDI-ACA has a singlet in the region of 3.05 ppm that relates to protons in -СH 2 -NH- (4, 9, 14, 22) . Protons in -СН 2 -СООR (18, 26) give singlet at 2.15 ppm. The proton signals in -СН 2 -group of ACA (5, 6, 7, 8, 15, 16, 17, 23, 24, 25) 
Binding of Diisocyanates with Polysaccharide during Crosslinking
The interaction of KGM with BIC is shown in the scheme below: The thermal properties (temperature dependence of intensity and composition of ion current, analysis of ionic fragments of PGU pyrolytic decomposition) of glycopolymers and initial reagents were investigated by a pyrolysis mass-spectrometry. Temperature dependence of initial reagents and glycopolymers ionic current are shown in Fig. 2 .According to mass-spectrometry data the significant difference between experimental and additive ion current curves is observed (Fig.3 b) . In contrast to the additive curve the experimental temperature dependence of ion current for GP has two well-divided maxima at 498 and 648 K. These maxima do not correspond to the maxima of ion current of initial reagents. The stage of GP pyrolytic decomposition with maximum ion current at 498 K can be related to the presence of TDI in the system. However, the characteristics of ion current at this stage for GP and TDI-ACA are significantly different. The ion current intensity as well as the number and types of ionic fragments of GP pyrolytic decomposition decrease in comparison with analogous stages of TDI pyrolytic decomposition from 47 to 30. The number and type of ion fragments at 648 K for glycopolymer were similar to KGM decomposition fragments at 523 K.
The decrease of ion current intensity, the reduction of number and types of ionic fragments of GP pyrolytic decomposition in the temperature region common to decomposition of TDI-ACA refer to binding of TDI with polysaccharide during cross-linking with the formation of thermostable structures.
Effect of the Contact Time of Glycopolymers with Phenol on Phenol Adsorption
The kinetic curves and phenol adsorption isotherm onto glycopolymers are shown in Fig. 4 . Fig. 4a adsorption equilibrium for glycopolymer samples was reached after 48h contact with a phenol solution. It should be noted that 65 % of phenol had been adsorbed for the first 4-6 h.
According to
As it can be seen glycopolymers based on crosslinked konjac glucomannan exhibit good adsorption ability for phenols.
In this study, adsorption of phenol onto GP based on KGM cross-linked with TDI-ACA or HDI-ACA was described with both Langmuir and Freundlich models according to Eqs. (2) and (3), respectively:
where K L is the Langmuir isotherm constant related to the energy or net enthalpy, l/mol; A max is the maximum adsorption capacity, mg/g; K F is the Freundlich constant related to the adsorption capacity, and n is the constant related to energy surface heterogeneity. Experimental results show that a linear plot is obtained from C/A versus C . All linear correlation coefficients R 2 are greater than 0.99, indicating that the adsorption isotherm can be described by the Langmuir model. The calculated Langmuir parameters are shown in Table. Values of K F and n can be evaluated by plotting logA against logC. Experimental results show that all linear correlation coefficients R 2 are greater than 0.98, indicating that the adsorption isotherm of phenols can be described also with the Freundlich model. The calculated value of n and K F are shown in Table. According to data presented in Table both Langmuir and Freundlich adsorption isotherm models can be used to describe phenol adsorption onto glycopolymers. The evidence of this fact is close to 1 value of correlation coefficients R 2 . The maximum adsorption capacity of glycopolymer (TDI) is higher than GP(HDI). TDI raises with increasing of polysaccharide hydroxyl groups substitution degree. In contrast to GP(TDI) the adsorption capacity of glycopolymer based on HDI decreases with increasing of polysaccharide hydroxyl groups substitution degree.
Constants and correlation coefficients of Langmuir and Freundlich equations
Relying on Freundlich equation calculated coefficients it can be concluded that the energy surface heterogeneity of GP(TDI) is higher than the heterogeneity of glycopolymer (HDI). That may indicate the presence various adsorption centres in GP(TDI) that hold the adsorbate molecules by different types of interactions. With increasing of hydroxyl groups substitution degree the energy surface heterogeneity of glycopolymer based on TDI increases.
It is known that phenol adsorption onto polysaccharide sorbents occurs by physical interaction between the adsorbent and adsorbate (hydrophobic interaction, hydrogen bonding and π-π interaction between aromatic rings) [11] . According to data obtained we can conclude that phenol molecules adsorption onto glycopolymer (HDI) occurs mainly through hydrophobic interaction and hydrogen bonding. Taking into account that glycopolymer (TDI) contains aromatic rings with π-conjugation which are absent in glycopolymer (HDI) the adsorption of phenols onto glycopolymer (TDI) can largely realize through π-π interaction between the aromatic rings of glycopolymer and phenols. The increasing of glycopolymer (TDI) energy surface heterogeneity with increasing of polysaccharide hydroxyl groups substitution degree as well as increasing of its maximum adsorption capacity confirm this supposition.
Effect of pH on Phenol Sorption onto Glycopolymers
The adsorption of phenol onto glycopolymer films is strongly influenced by solution pH.
In acidic medium (pH = 2) the adsorption equilibrium is reached in 2 h. In neutral or alkaline medium the adsorption equilibrium is achieved in 48 h. The isotherms obtained at pH 7 and 9 are very similar with higher adsorption capacity as compared with isotherms obtained at pH 2 and 11. The optimum adsorption of phenol achieved at pH = 7-9 is illustrated by Fig. 5 .
It should be noted that phenol displays acid-base properties (рК а = 9.9). When pH of the solution goes beyond 9.9 value, phenols exist mainly as negative phenolate ions. In the solution with pH below 9.9 phenols are molecules [12, 13] .
The adsorption capacity of glycopolymers substantially increases in neutral and weakly alkaline mediums (where phenol remains in both molecular and ion forms). It can be supposed that phenols effectively adsorbed onto the adsorbent under such conditions are both molecules and phenolate anions. Such behavior can be related to the selective adsorption of different phenol forms onto GP active centres of different nature and power. In alkaline medium the adsorption occurs on one type of the centres and in acid medium -on another one. In neutral and weakly alkaline mediums we can observe participation of all types of active centres in the absorption process.
Identification of glycopolymer active centres structure requires more detailed investigation.
Conclusions
New glycopolymers based on KGM cross-linked with water soluble blocked diisocyanates (TDI-ACA and HDI-ACA) were used for adsorption of phenol from aqueous solution. Adsorption behavior of GP depends on structure of diisocyanate and on polysaccharide group substitution degree.
Several parameters such as contact time, pH and initial phenol concentration were found to essentially affect the phenol removal efficiency. The optimum waste removal from the aqueous solution was achieved at pH = 7-9 with 24 h contact time and 0.05M initial phenol concentration. The data of the phenol adsorption by the glycopolymers were fitted by the Langmuir and Energy surface heterogeneity is higher for TDIbased glycopolymers as compared with HDI-based glycopolymers indicating the presence in GP(TDI) adsorption centres that hold the adsorbate molecules by different types of interactions.
